Gapped duplex DNA molecules of recomblnant genomes of filamentous phage are constructed in vitro. Denatured restriction fragments covering (part of) the precisely constructed gap are hybridized to the gapped duplex DNA molecules to form ternary duplices. The two strands of the ternary duplex molecules carry different genetic markers within the region spanned by the restriction fragment leading to a one base pair mismatch or to an insertion loop of 93 nucleotides, respectively. The two strands also vary with respect to A-methylation in GATC sites. In cases of asymmetrical methylation, transfection of E.coli with these heteroduplex molecules leads to marker recoveries with a pronounced bias in favour of the marker encoded by the methylated strand. This effect at least partly explains the comparably low marker yields achieved in previous directed mutagenesis experiments using filamentous phage as the vector. The results suggest how these procedures can be optimized. Precise construction of a 93 bp insertion in 9.5% marker yield is described.
INTRODUCTION
Chemical synthesis of polynucleotides of defined sequence and their application to genetic research were pioneered by H.G. Khorana An illustrative example of. synthetic thinking applied to biological problems is the presently emerging technique of directed mutagenesis by marker salvage from short (synthetic) polynucleotides. In this context the term "directed mutagenesis" implies specificity with respect to both the lo-r cation of the mutation (at the nucleotide level) and the (predetermined) nature of the structural change induced in the target DNA. Figure 1 illustrates the way the method is presently being used ~ ; the 3 4) basic principles were first outlined about ten years ago . A second important feature of the method, besides its strictly controlled Figure 1 : Schematic outline of a typical directed mutagenesis experiment using a synthetic oligonucleotide: A synthetic primer containing a constructed structural deviation from wild type is annealed to a single-stranded wild type genome to give partial duplex (I) containing e.g. a single mismatch. Enzymatic in vitro reactions with DNA polymerase and DNA ligase yield a complete duplex (II), which upon transfection into B. coli host cells is replicated to fully homologous duplex molecules: (III), wild type and (IV), mutant type. Pure clones containing (III) or (IV), respectively, are obtained upon segregation.
chemistry, is the high frequency (in the percent range), with which the desired mutant type can be found in the progeny. This is especially important for the application of directed mutagenesis to e.g. eukaryotic gene fragments or control DNA segments, which cannot be expected to elicit easily observable phenotypes in E. coli host cells and may require DNA sequence analysis as the only possibility to identify a clone carrying the desired mutation.
In this situation, the amount of time and effort spent on screening individual clones will depend crucially on the abundance of the.doaired mutant type in the mixed progeny population as illustrated in figure 2 If marker yields could be increased to the range of 50 to 100%, then a generally applicable screening procedure could consist of sampling one or very few candidate clones at random and determining for each of them the nucleotide sequence of the DNA region in question.
This paper describes a model study that offers an explanation for the relatively low marker yields thus far achieved with the above mentioned vectors and demonstrates how marker recovery can be drastically increased. It also shows, that the marker salvage method can be used to precisely construct sizable DNA insertions in high yield. Bacto-tryptone, 8g NaCl, lOg Bacto-agar, 2g Na-citrate. DNA sequence analysis was carried out as described with minor modifications .
MATERIALS AND METHODS

RESULTS AND DISCUSSION
Starting point of the present study was the observation that marker yields 5 8) in experiments using *X 174 are markedly higher (up to 3O -4O%) ' than with filamentous phage (typically less than 10%) ' .It seemed to us that a possible explanation for this behaviour could be offered by the study of 24) Radman et al.
on mismatch repair acting on duplex DNA molecules of the X genome containing one or two mismatch positions. In cases, were one strand of the heteroduplex was N -adenine methylated in its GATC sites and the other was not, these authors found highly preferential preservation of the genetic markers of the methylated strand. In directed mutagenesis experiments carried out according to figure 1 , the same situation of hemimethylated GATC sites is created by in vitro DNA polymerase/DNA ligase reaction to ccc DNA, the methylation, however, being in the strand which contains the undesired original marker. The low marker yields with filamentous phage could thus be due to unfavourably oriented mismatch repair acting on the transfecting phage genomes before replication or methylation sets in. Since the *X 174 genome does not contain any GATC sites, marker yields achieved with this phage can be expected to be correspondingly higher (i.e. close to the theoretical value of 50%).
The aim of our work was to investigate the influence of hemimethylated GATC sites on marker yields achieved with filamentous phage for both point mutation and deletion/insertion, and, if a significant influence could be found, to exploit it in a scheme to maximize the efficiency of directed mutagenesis.
In order to have a sound statistical basis for the assessment of mutational Two different fragments of wild type DNA were used for marker salvage: The 339 bp EcoRI/EcoRI fragment of pHBAB 339 (see figure 3 ) that spans the entire single-stranded region of the gapped duplex molecules and the 92 bp EcoRI/AluI subfragment thereof, that covers only little more than the promoter proximal 54% ft * 17% 20% A* fourth of the gap. These fragments were denatured, then annealed to the gapped duplex DNA and the resulting ternary duplex molecules (V -VIII in figure 4) used directly for transfection (fill-in and ligation reactions were omitted in order to keep the number of variables as small as possible).
Ternary duplices V and VI as a group give higher marker yields than VII and VIII. This could be explained on the basis of the longer fragment having a higher chance than the short one to be incorporated into a complete phage genome rather than being digested by exonuclease before the gap is filled and sealed in vivo.
Both sets of experiments display a marked influence of dam methylation on the marker yield (figure 4): Ternary duplex V, which has all the dam methylation in the (-)strand, gives nore than three times the amount of reversion to * VI.
24)
a as the symmetrically methylated duplex VI. This is in qualitative agreement with the analogous study by Radman et al.
Gapped ternary duplex VII yields 20 times as many a revertants as duplex VIII.Here the situation is more complicated than in the above case: For fragment induced reversion to take place, the remaining gap, which contains two GATC sites, has to be filled in vivo. This leads to the following configuration of GATC sites in the complete ds DNA: In duplex VII the two GATC sites close to the mismatch are completely unmethylated, the three distant ones are methylated only in the (-)strand . In duplex VIII the three distant GATC sites are symmetrically methylated, whereas the two nearby ones have the methyl groups in the (+)strand. In analogy to the findings with duplices V and VI, this can be expected to favour preservation of the (+)strand marker (i.e. o in duplex VIII). In duplex VII, in contrast, the three distant GATC sites will favour reversion to a . We interpret this to be the reason for the more pronounced difference between marker recoveries with VII and VIII as compared to V and VI. Note that GATC methylation at the two "nearby" sites in duplex VIII after completion in vivo resembles the situation created by in vitro reactions in previous directed mutagenesis studies (see above).
In an additional experiment, we constructed a precise insertion of 93 bp into the lac(a) region restoring an (a ) deletion mutant to wild type. The starting point was phage M13mp3AM15 (B. Gronenborn, unpublished), which carries the AM15 deletion ' . Construction of gapped duplices was carried out as in the reversion study on Zl and also the same 339 bp wild type fragment was used for marker salvage.
In ternary duplices IX and X (figure 5), 93 nucleotides must be looped out from the mutagenic DNA fragment. As compared to the point mutation study, two effects can be seen: The marker yield is altogether lower and the influence of asymmetrical GATC methylation is less pronounced. The first effect might be due to cleavage of the single-stranded loop during transfection, the second could reflect a property of the repair system of the cell.
We would like to emphasize that our results are no rigorous proof of the involvement of DNA repair in the preferential marker preservation; other pos-24) 24)
sibilities are left open . The analogy to the findings of Radman et al. ,
however, is at least suggestive. No further studies were undertaken to clarify this question.
Extrapolating from our findings, it seems likely that construction of extended insertions will generally proceed with lower marker yields. This, however, should not be too detrimental, since in that case, unambiguous screening using "internal" DNA fragments can be expected to be a simple task.
In addition to opening the possibility of directing preferential marker preservation, use of gapped duplices in primer induced mutagenesis will clearly also be helpful in alleviating two other problems encountered in this method: a) Synthesis of complete duplex DNA by DNA polymerase/DNA ligase reactions in vitro will be facilitated since only short gaps have to be filled. 12) b) Incorrect priming at inadvertant positions of the vector genome is made impossible.
DNA duplices with precisely defined gaps as used in our study, will also be useful substrates for directed mutagenesis by single-strand specific mutagens and by "mutagenic fill-in reaction" (for review see D. Shortle et al. ).
We are presently extending the use of duplex DNA molecules with precisely defined gaps to other vector systems, such as pBR 322
SUMMARY
We have demonstrated the influence of adenine methylation in GATC sites on marker yield in directed mutagenesis of DNA cloned in filamentous phage. This effect explains why in previous studies the marker recovery was comparably low and also suggests how these experiments can be performed more efficiently: In a rather simple model experiment, we were able to push the marker yield beyond the 50% border by incorporating the desired marker into the methylated strand of an asymmetrically methylated DNA duplex.
We reckon that the 54% yield so far achieved can be further improved by enzymatic DNA manipulations in vitro to make sure that covalently closed DNA duplex molecules are used for transfection. This brings screening by DNA sequence analysis within the range of practicality.
For experiments that are less demanding with respect to marker yield, our findings suggest a slight modification of the scheme outlined in figure 1 as a simple minimal measure: Virion DNA should be isolated from phage grown in a dam host.
Our results also represent the first example of insertion construction by the marker salvage method.
